In this work we demonstrate improved light trapping in dye-sensitized solar cells (DSSCs) with hybrid bimetallic gold core/silver shell nanostructures. Silica-coated bimetallic nanostructures (Au/Ag/SiO 2 NSs) integrated in the active layer of DSSCs resulted in 7.51% power conversion efficiency relative to 5.97% for reference DSSCs, giving rise to 26% enhancement in device performance. DSSC efficiencies were governed by the particle density of Au/Ag/SiO 2 NSs with best performing devices utilizing only 0.44 wt % of nanostructures. We performed transient absorption spectroscopy of DSSCs with variable concentrations of Au/Ag/SiO 2 NSs and observed an increase in amplitude and decrease in lifetime with increasing particle density relative to reference. We attributed this trend to plasmon resonant energy transfer and population of the singlet excited states of the sensitizer molecules at the optimum concentration of NSs promoting enhanced exciton generation and rapid charge transfer into TiO 2 . KEYWORDS: dye-sensitized solar cell, plasmon-enhanced solar cell, bimetallic nanostructures, transient absorption spectroscopy, electron dynamics D ye-sensitized solar cells (DSSCs), a class of mesoporous solar device, have evolved in the past two decades as an inexpensive alternative to silicon photovoltaics; however, low efficiencies of 8−10% have remained a major roadblock to commercialization in DSSCs.
D ye-sensitized solar cells (DSSCs), a class of mesoporous solar device, have evolved in the past two decades as an inexpensive alternative to silicon photovoltaics; however, low efficiencies of 8−10% have remained a major roadblock to commercialization in DSSCs. 1−3 Recently, metal nanostructures have emerged as a transformational approach to augment light harvesting in solar cells, giving rise to enhanced optical absorption, carrier generation, and improved efficiency. 4−10 Through small additions of metal nanostructures (<2 wt %), the active material required to achieve high efficiency solar conversion can be drastically reduced, 11 enabling thin film architectures compatible with scalable manufacturing routes. Upon illumination, metal nanostructures with subwavelength dimensions couple incident photons to conduction electrons, giving rise to localized surface plasmon resonances (LSPR). 12, 13 By altering the shape, size, and composition of metal nanostructures, LSPRs can be manipulated to give rise to unique optical characteristics that can be harnessed for several technological applications from spectroscopy 14−16 to nanomedicine 17−19 to photovoltaics. 20−22 Plasmonic enhancement in DSSCs is achieved by four possible mechanisms: (i) Far-field coupling of scattered light: light incident on metal nanostructures with a sufficiently high albedo (ratio of total scattered light to extinction) is scattered into the far-field, reaching distances up to 10× the geometrical area 22, 23 and is ultimately reabsorbed by the sensitizer. 24 , 25 In addition, nanostructures can also capture solar photons not absorbed by the sensitizer, which is achieved by tuning the plasmon resonance to wavelengths complementary to the sensitizers absorption. 26, 27 Both processes increase the total light harvested by the solar cell. (ii) Near-field coupling of electromagnetic fields: nanostructures function as antennas concentrating incident light on the metal surface and generating intense near-fields, which can be orders of magnitude higher than incident light. Proximal sensitizers couple with the strong near-fields, and the enhanced photon flux increases the total absorption cross-section of the solar cell. (iii) Plasmon resonance energy transfer (PRET): PRET is similar to Forster resonance energy transfer, where the LSPR dipole replaces the fluorescent molecule. In this nonradiative process, energy from the metal nanostructures contained in the localized plasmonic oscillations is transferred to the semiconductor or vicinal sensitizer inducing charge separation and e − /h + pair generation. Unlike the transfer of "hot" electrons, which depends on band alignment of semiconductor with metal Fermi level, the dipole−dipole energy transfer mechanism of PRET is not limited by band alignment and charge equilibration. PRET is also unaffected by any insulating interlayer, such as SiO 2 between the metal and semiconductor. 28, 29 (iv) "Hot" electron transfer: if a plasmon is neither scattered nor undergoes PRET, then it is absorbed by the metal and decays via energetic relaxation generating e − /h + pairs. These photoexcited electrons undergo electron−electron scattering giving rise to a "hot" electron distribution. These energetic electrons can gain enough energy to overcome the Schottky barrier at the metal/semiconductor junction and rapidly transfer (at picosecond time scales) into the semiconductor conduction band, amplifying the number of carriers available for photocurrent generation. 23, 30, 31 Unlike PRET, any insulating spacer separating the metal and semiconductor will block hot electrons from transferring unless the spacer thickness is less than the electron tunneling barrier of the insulator (<3 nm for SiO 2 ).
While plasmonic enhancement of DSSCs has largely focused on monometallic spherical nanostructures, 32−36 in this study we demonstrate the use of Au/Ag/SiO 2 bimetallic core/shell/shell nanostructures with controlled morphology and composition, tailored to maximize light harvesting in DSSCs. These bimetallic nanostructures have several advantages: (i) they possess multipolar plasmon resonances due to the use of dual metals resulting in broadband capture of solar light specifically at longer wavelengths where the dye sensitizer has poor light absorption, 37 (ii) they have well-defined nonspherical geometries, which give rise to intense near-field enhancements localized at the edges and corners of the nanostructures facilitating superior light harvesting abilities, (iii) the use of Ag can potentially reduce Ohmic losses compared to Au alone, resulting in enhanced radiative damping and strong light scattering, 38 (iv) the presence of dual metals and nonspherical geomtery promotes 10× more light scattering relative to monometallic nanoparticles improving the total light absorbed in the active layer, and (v) they have a tunable core−shell architecture that allows modulation of optical and electronic properties with minimal alterations of overall size. 12 In this work we have enhanced the performance of standard DSSCs by integrating Au/Ag/SiO 2 nanostructures (NSs) in the mesoporous layer. By varying the particle density, we find a systematic dependence of nanostructure concentration on device efficiency. While previous studies on plasmonic enhancement of DSSCs have utilized ∼0.6−3 wt % of nanoparticles, 20, 36, 39, 40 here only 0.44 wt % Au/Ag/SiO 2 NSs in the photoanodes resulted in a 26% enhancement in the power conversion efficiency (PCE) of the device, largely attributed to an improvement in short circuit current density. The incident photon to charge conversion efficiency (IPCE) and absorbance of the devices demonstrate that enhanced light harvesting is driven by direct coupling of nanostructure plasmons with the sensitizer, N719 (di-tetrabutylammonium cis-bis(isothiocyanato)bis(2,2-bipyridyl-4,4-dicarboxylato)-ruthenium(II)) dye. In addition, IPCE and absorbance provide evidence for broadband light capture at wavelengths beyond 550 nm, where N719 does not absorb, attributable to the multipolar plasmon resonances of the nanostructures. We also performed pump−probe transient absorption spectroscopy (TAS) on the reference and plasmon enhanced DSSCs to understand the fundamental underpinnings of exciton generation and electron injection lifetimes in DSSCs in the presence of the nanostructures. To our knowledge, this is the first study that examines TAS of plasmon-enhanced DSSCs as a f unction of particle density. We observed a decrease in lifetimes obtained from TAS with increasing concentration of bimetallic nanostructures in the devices, which we have attributed to a combination of enhanced exciton generation and rapid injection of electrons into the TiO 2 conduction band.
Bimetallic Au/Ag core/shell nanostructures (Au/Ag-NSs) were synthesized following our previously reported seedmediated growth process. 11 Initially, Au nanocrystal (NC) cores of ∼45 nm edge length were synthesized utilizing cetyltrimethylammonium bromide (CTAB) as a shape directing agent in aqueous media. Subsequently, Au NC cores were transferred into a growth solution with cetyltrimethylammonium chloride (CTAC) ligands, Ag + ions, KBr, and ascorbic acid and were reacted to form a thin Ag shell around the Au cores ( Figure 1a ). Sharp edges and corners enable strong electromagnetic fields; therefore, to promote such growth in the Ag layer, the reaction was carried out at an elevated temperature. We demonstrated in our previous work that by increasing the reaction temperature, Ag growth is preferentially accelerated along the [100] and [111] crystal planes, resulting in more defined edges and corners than those attained in the Au NC cores. 11 These shapes are governed by the shape of the Au core, where rounded-edge Au nanocubes give rise to bimetallic nanocubes and truncated Au nanocube cores generate bimetallic nanopyramids. While shape impurity is unavoidable during this seed-mediated growth process, 41−43 this mixture of shapes is advantageous in our DSSC in capturing broadband solar light, as discussed below.
Prior to incorporation into the photoanodes of the devices, the Au/Ag-NSs were coated with a thin (∼5 nm) layer of silica, 23 giving rise to Au/Ag/SiO 2 nanostructures (Figure 1b ). The silica layer serves several purposes, including (i) ensuring electrical isolation to minimize electron recombination on the metal surface, (ii) minimizing Ostwald ripening during annealing of the photoanode at 500°C, which is necessary to convert TiO 2 to anatase phase, (iii) the oxides of silica provide similar chemical functionality as the TiO 2 , promoting infiltration and attachment of dye throughout the active layer, and (iv) providing resistance to degradation in the presence of the iodide/triiodide (I − /I 3 − ) corrosive liquid electrolyte. The ∼5 nm silica layer is sufficient to provide thermal and electrochemical stability 35, 44, 45 without detrimentally damping the plasmon; thicker layers of silica (>10 nm) shield the electron oscillation on the metal, resulting in a decrease in nanoparticle near-fields. The thin spacer layer enables enhanced near-field coupling between Au/Ag/SiO 2 NSs and N719 dye, promoting plasmon enhanced dye-excitation, which is controlled by the metal−molecule distance. 33, 46 The silica-coated Au/Ag-NSs were purified, concentrated, and mixed with the nanocrystalline TiO 2 paste to form a homogeneous mixture before depositing on FTO glass by the doctor-blading technique, which yielded a ∼10 μm thick active layer ( Figure S1 ). The reference and bimetallic nanostructure embedded photoanodes were sensitized with N719 dye and integrated with a counter electrode consisting of a thin layer of Pt on FTO glass. The two electrodes were heat sealed together with a low-temperature thermoplastic sealant and injected with . 47 The homogeneous distribution of the Au/Ag/SiO 2 NSs throughout the mesoporous TiO 2 layer increases proximity to N719 molecules, maximizing near-field coupling with the sensitizer and total light harvested in the active layer while minimizing any detrimental effects to the redox processes necessary for DSSC operation.
The multipolar plasmon resonances of Au/Ag-NSs not only have good overlap with the optical absorption of N719 centered at 390 and 530 nm, but also capture broadband solar light ( Figure 1d ). The nanostructures exhibit two dipolar resonances at ∼535 and 615 nm attributed to the Au/Ag nanocubes and nanopyramids, respectively, as described in our previous work. 11 The nanostructures also demonstrate a broad mode at 400 nm assigned to the interband transition of Ag and higher order modes associated with the nanocube corners.
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The direct overlap of the plasmon resonances of Au/Ag-NSs with N719 absorption enables strong metal−molecule coupling, allowing enhanced light trapping. 48, 49 In addition, the 615 nm resonance attributed to the Au/Ag nanopyramids extends the light-harvesting ability of the plasmonic DSSCs to spectral regions where N719 does not absorb, therefore, enabling broadband solar light capture.
We performed finite difference time domain (FDTD) simulations on single particles in aqueous media to understand the advantages of bimetallic composition and nonspherical geometries. Calculated electromagnetic (EM) field intensity enhancements of a rounded-edge Au nanocube, Au/Ag nanocube, Au/Ag nanopyramid, and Au/Ag nanosphere at their LSPR frequency are shown in Figure 2a −d. Additional simulations that further decouple the impact of the morphology and composition can be found in Figure S2 . Compared with the Au nanocube (Figure 2a) , the Au/Ag nanocube ( Figure 2b ) has a stronger field enhancement attributable to the sharp corners of the Ag shell, presence of Ag that has low Ohmic losses and strong light scattering, and the synergistic plasmonic coupling between the Au core and its Ag shell.
11,50−52 While Au is more electronegative than Ag, Ag has a higher electron conductivity; the synergistic combination of the two metals in a core/shell architecture improves their electronic properties. The sharp edges and corners of the Au/Ag nanocube ( Figure 2b ) and Au/ Ag nanopyramid (Figure 2c ) also give rise to an intense nanoantenna effect and a quasistatic lightning-rod effect, 12,53−55 making these geometries ideally suited for light concentration in DSSCs. Further, these edges also provide superior performance over bimetallic nanospheres (Figure 2d ) in the augmentation of light harvesting capabilities of N719 sensitizer. Corresponding calculated normalized scattering cross sections (Q scat ) of each of these nanostructures (Figure 2e ) demonstrate that the addition of the silver shell increases the light scattering ability of the Au/Ag nanocube to nearly 10× greater than that of the Au nanocube. In addition, the anisotropic bimetallic geometries have 2−3× higher light scattering relative to the Au/Ag nanosphere, allowing augmented light trapping via an increased optical path length.
The light-harvesting capabilities of the Au/Ag/SiO 2 NSs were investigated by incorporating them into the photoanodes of DSSCs and comparing to reference devices (no plasmonic nanostructures). The particle density of incorporated nanostructures within the mesoporous TiO 2 matrix was varied between 0.22 and 0.95 wt % to find the optimal range for plasmonic enhancement. The absorption spectra of the plasmon-enhanced photoanodes, when compared to the reference, shows a gradual increase across the entire visible spectrum with increasing particle density from 400−550 and >600 nm overlapping with the plasmon resonance peaks of Au/ Ag/SiO 2 NSs (Figure 3a) . By normalizing the absorbance of the plasmon-enhanced devices to the reference (0 wt %), the relative enhancement in light absorption is observed in these ranges ( Figure S3 ). It is also notable that, at high particle densities (>0.60 wt %), light absorption rapidly increases at longer wavelengths, which may be attributable to aggregation of the nanostructures in the photoanodes, which results in the redshift of the plasmon resonance to longer wavelengths.
The power conversion efficiencies (PCEs) of reference and plasmon-enhanced DSSCs of equivalent area of 0.12 cm 2 were examined under AM 1.5 simulated solar light with each device being illuminated at 100 mW/cm 2 of power. Photocurrent spectra of the best performing DSSCs (Figure 3b ) demonstrate that maximum plasmonic enhancement is achieved for DSSCs containing 0.44 wt % Au/Ag/SiO 2 nanostructures reaching a maximum PCE of 7.51%, which is 26% higher than the 5.97% PCE achieved with the reference DSSC. The spectral responses of the DSSCs were further investigated with IPCE measurements obtained with a supercontinuum white light laser coupled with an acousto-optic tunable filter used to modulate the wavelengths from 400 to 800 nm. Similar to the trend observed in absorbance spectra, the IPCE for the plasmon enhanced devices (Figure 3c) show an increase in photocurrent generation throughout the visible spectrum, with the maximum IPCE enhancements observed for the DSSCs incorporated with 0.44 wt % Au/Ag/SiO 2 NSs. Note that all plasmon-enhanced devices show an increase in photocurrent over the entire visible spectrum, corresponding well with the plasmon resonance of the nanostructures (Figure 1d ). The detailed device performance for both reference and nanostructure-incorporated DSSCs as a function of particle density is demonstrated in Figure 4 , with the values shown in Table S1 ; we tested a total of five devices for each sample and used standard deviations from these devices to calculate uncertainties. The open-circuit voltages (V oc ) displays a slight increasing trend up to 0.44 wt % Au/Ag/SiO 2 NSs (Figure 4a) , which is most likely attributed to improved charge transfer at optimal nanostructure loadings. Previous studies have performed impedance spectroscopy on plasmon-enhanced DSSC systems and reported a decrease in R 1 , which is the charge transfer resistance over the conducting layer/photoanode interface and counter electrode/electrolyte interface collectively. This charge transfer resistance in the presence of metal nanoparticles is manifested in device performance, both as an increase in J sc as well as V oc . 56, 57 It has also been reported that at high nanoparticle loadings R 2 , the charge transfer resistance at the photoanode/electrolyte interface, increases, indicating that metal nanoparticles act as recombination centers. Therefore, optimizing the nanostructure concentrations in solar devices is of utmost importance. 27, 58 A slight decrease in V oc is observed at higher particle densities; as the V oc is determined by the energy difference between the semiconductor under illumination and the Nerst potential of the I − /I 3 − redox couple in the electrolyte, it is likely that the presence of metal nanostructures within the TiO 2 semiconductor results in a downshift in the Fermi level. 59, 60 This downshift likely decreases the gap between the Fermi level of TiO 2 and the Nerst potential of the redox couple, which would decrease the V oc . 33, 61 At low particle densities, up to 0.44 wt % Au/Ag/SiO 2 NSs, the amount of metal present does not have appreciable effects on the Fermi level; therefore, this trend is observable when devices contain higher concentrations of Au/Ag/SiO 2 NSs. The fill factor (FF, Figure 4b ) also has a consistent slight decrease with increasing nanostructure concentrations suggesting that, at high densities, aggregation of nanostructures may result in electron trapping within metallic junctions.
The short circuit current density (J sc ) and PCE of the devices (Figure 4c,d) show a near-identical trend where the highest J sc of 15.70 mA cm −2 and PCE of 7.51% are achieved at 0.44 wt % of Au/Ag/SiO 2 NSs. The maximum J sc observed for the bestperforming, plasmon-enhanced devices is 28% higher than the J sc for the best-performing reference DSSC (12.27 mA cm ), analogous to the maximum enhancement achieved in PCE (26%). Since J sc is reflective of the light harvesting capability of the devices, the trends in PCE and J sc suggest plasmonic enhancement in DSSCs is contributed by increase in light absorption with minimal alterations in the electrochemical properties of the devices. The improved light harvesting in the nanostructure-incorporated devices can be attributed to (i) near-field coupling between the LSPR and adjacent sensitizer molecules, (ii) PRET from nanostructures to semiconductor, and (iii) light scattering in the nanoparticle far field, which can be trapped in the mesoporous semiconductor layer. These mechanisms are supported by the trends observed in absorption and IPCE measurements of the photoanodes. Due to the homogeneous mixing of the bimetallic nanostructures throughout the active layer (see Figure S1 ), we anticipate interparticle coupling between adjacent nanostructures may promote long-range surface plasmon polariton modes, which would also contribute to the overall enhancements. It is unlikely that hot electron transfer plays a role in our system due to the large size of the nanostructures and the ∼5 nm silica layer surrounding the Au/Ag-NSs. The process of hot electron generation in metal nanostructures depends on both the mean free path of electrons (λ e ) and thickness of insulating barrier between the metal and semiconductor. The λ e in both Au and Ag is on the range of 40−50 nm; 62 as the size of both the nanocubes and the nanopyramids is >50 nm, fewer electrons likely travel to the metal surface due to loss of electrons by scattering. The few electrons that reach the metal/SiO 2 interface would then need to pass the insulating silica barrier. Since the electron tunneling barrier (Φ b ) of silica is ∼3 nm or less 63−66 and the thickness of our spacer layer is ∼5 nm, we do not anticipate that hot electrons transfer to the sensitizer or TiO 2 .
We also observed a decrease in J sc and PCE at high particle densities of Au/Ag/SiO 2 NSs. This decrease in performance is a consequence of excess metal which results in (i) a loss of absorbing dye volume due to the large volume of nanostructures, (ii) aggregation of nanostructures resulting in electron trapping within junctions, and (iii) nanostructure aggregation, which gives rise to interparticle coupling between adjacent nanostructures that results in electron−phonon coupling and subsequent generation of heat. 11, 36, 67 These detrimental processes would diminish the number of carriers available for photocurrent generation leading to decreased device performance.
To evaluate the fundamental mechanisms that drive plasmonic enhancement in DSSCs with Au/Ag/SiO 2 NSs, we performed TAS to understand dynamics of exciton generation, electron injection, and charge recombination within the mesoporous TiO 2 active layer. All samples were excited with a 400 nm pump and probed with white light continuum from 450 to 900 nm. We first examined the photoanodes in the absence of the sensitizer with the nanostructures embedded in the mesoporous TiO 2 . Three different particle densities were chosen relevant to the plasmon-enhanced DSSCs tested earlier (see Figure 4) , including 0.22, 0.44, and 0.95 wt % Au/Ag/SiO 2 NSs in TiO 2 (Note: DSSCs with 0.44 wt % Au/Ag/SiO 2 NSs were the best performing devices). The evolution of the TA spectra of the three samples at 1 and 100 ps time delays at 530 nm (Figure 5a ,b) clearly demonstrate particle density dependent changes in spectral properties. The complete evolutionary spectra for the samples from 1−1000 ps time delays are provided in the SI (Figure S5a−c) . The spectral feature observed at 530 nm for all samples is attributable to the photobleaching (PB) state of the plasmon mode of the Au/Ag/ SiO 2 NSs which corresponds well with the 530 nm plasmon resonance of the bimetallic nanostructures (Figure 1d ). The amplitude of the PB state increases monotonically with particle density at both 1 ps (Figure 5a ) and 100 ps (Figure 5b ) time delays, and the spectral evolution clearly shows the relaxation of the plasmon excitation culminates within the first 100 ps followed by energy transfer into TiO 2 conduction band. This is consistent with previous observation of inelastic electron− phonon scattering and subsequent energy transfer from metal nanoparticles to TiO 2 within the first 100 ps. 68 The decay kinetics of these samples were fit with a biexponential decay function (Figure 5c ), and the corresponding amplitudes, time constants, and amplitude weighted lifetime, τ avg , given by τ avg = ((A 1 × τ 1 + A 2 × τ 2 )/(A 1 + A 2 )), were derived from the fits and are shown in Table 1 . We attribute the fast time constant (τ 1 ) to relaxation by means of electron−electron scattering after initial electronic excitation of nanostructures, which results in "hot" e − generation, and we attribute the slow time constant (τ 2 ) to energy transfer to TiO 2 . Since τ 1 is relatively constant for all the samples, we infer "hot" electrons do not transfer across the insulating silica layer of the Au/Ag/SiO 2 NSs. However, the change in τ 2 among the samples and the overall rapid decrease in τ avg with increasing particle density of Au/Ag/ SiO 2 NSs is direct evidence of PRET. This suggests PRET occurs from the bimetallic nanostructures to the TiO 2 conduction band across the insulating SiO 2 layer resulting from the dipole−dipole relaxation of the excited plasmons. 28, 68 We also note that energy transport between adjacent nanostructures at high concentrations is possible and has been reported previously in metal nanoparticle chains. 69, 70 However, at high concentrations, when nanostructures are touching, such long-range energy transfer will likely be a slower process relative to PRET from metal to TiO 2 . Therefore, the latter mechanism will likely dominate. Further, previous studies have shown energy transfer from metal to TiO 2 when pumped at wavelengths higher than the bandgap of TiO 2 but lower or equivalent to the plasmon resonance of the metal. 71, 72 With increasing concentration of Au/Ag/SiO 2 NSs in the mesoporous TiO 2 layer, an enhancement in plasmonic excitations is anticipated, which augments the rate of energy transfer and decreases τ avg . Though, a slight increase in τ avg is observable for the photoanode integrated with highest particle density, 0.95 wt %, Au/Ag/SiO 2 NSs. This is likely attributable to aggregation of Au/Ag/SiO 2 NSs in the mesoporous TiO 2 at such high concentrations, which results in damping of the plasmon resonance giving rise to a weaker PRET mechanism, and, therefore, an increase in the corresponding τ avg . In addition to the PB state, we also observe broad photoinduced absorption (PIA) band at ∼650 nm ( Figure S5a−d) , which rapidly decays within the first 20−100 ps ( Figure S5d ,e), corresponding well with the 615 nm plasmon resonance peak of the Au/Ag/SiO 2 NSs. The PIA band is much weaker than the PB band; therefore, meaningful lifetimes could not be derived from the biexponential fits of the evolutionary spectra of the samples ( Figure S5f ). However, a particle density dependent trend is still observable, showing evidence of PRET from the Au/Ag/ SiO 2 NSs into TiO 2 .
We then investigated the photoanodes sensitized with N719 dye and compared the TA evolutionary spectra of the reference and plasmon-enhanced photoanodes at 530 nm (Figure 5d ). Due to the strong spectral overlap in the extinction of the bimetallic nanostructures and N719 dye (see Figure 1d) , the plasmon-enhanced samples are expected to have contributions from both the photobleaching of the dye and relaxation of the Au/Ag/SiO 2 NSs plasmons at 530 nm. Representative TA spectra at 1 and 500 ps of reference (TiO 2 + N719) and photoanodes embedded with nanostructures sensitized with N719 are shown in Figure 5d ,e (full spectra of each sample for a range of time delays can be found in Figure S6 ). The spectra show a clear particle density-dependent evolution and complete recovery of the photobleaching state by 500 ps in all samples. The data were fit with a biexponential decay function, and corresponding amplitudes and lifetimes were derived ( Table 1) .
The fits yield a fast (τ 1 ) and a slow time constant (τ 2 ). Previous studies on N719-sensitized TiO 2 systems have demonstrated two time components; τ 1 was attributed to electron injection into the conduction band of the TiO 2 from the singlet metal to ligand charge transfer ( 1 MLCT) states and τ 2 to the triplet ( 3 MLCT) states of the excited N719 complexes. 73, 74 The decay kinetics at 530 nm of the reference and plasmon-enhanced samples (Figure 5f ) show several noteworthy characteristics: (i) the amplitude of the decay kinetics is enhanced for the nanostructure embedded photoanodes relative to the reference and monotonically increases with particle density. This is likely attributable to the stronger molecular absorption coefficient of metal nanostructures, typically on the order of 10 9 to 10 10 M 76 This suggests that the photobleaching of the excited Au/Ag/SiO 2 NSs is anticipated to be stronger than that of the dye alone. (ii) The amplitude-weighted lifetime, τ avg , drastically decreases with increasing particle density relative to the reference sample. This suggests bimetallic nanostructures augment light trapping in the active layer of DSSCs enhancing the e − /h + pairs generated in N719, resulting in more electrons being available to rapidly transfer to the TiO 2 conduction band. Therefore, the presence of metal nanostructures leads to faster electron injection into TiO 2 conduction band before recombination can occur in the bulk, resulting in shorter exciton lifetime. Decreased lifetime of photogenerated carriers in the presence of metal nanoparticles was recently reported in perovskite solar cells as well. 77 Finally, (iii) for the best performing plasmonic photoanodes embedded with 0.44 wt % Au/Ag/SiO 2 NSs, both the fast (τ 1 ) and slow time component (τ 2 ) are shorter relative to the reference photoanode (see Table  1 ). This is notable since the non-optimized concentrations (0.22 and 0.95 wt %) only affect electron dynamics at longer time scales (τ 2 ). These time constants indicate, following photoexcitation and plasmon enhanced light trapping in samples, PRET occurs at time scales of several hundred picoseconds, altering τ 2 across all samples. However, at the optimum particle density of 0.44 wt % Au/Ag/SiO 2 NSs, a strong metal−molecule interaction occurs via both plasmonic near-field and far-field coupling which likely populates the singlet ( 1 MLCT) states of the excited N719 molecules, promoting enhanced e − /h + pair generation and rapid charge transfer into TiO 2 . This phenomenon decreases τ 1 from 6.67 ps in reference to 4.57 ps in Au/Ag/SiO 2 NSs embedded photoanodes. We do observe τ avg for the sensitized photoanodes decreases consistently with increasing particle density, but before sensitization, τ avg slightly increases for the highest particle density (0.95 wt %). We anticipate this likely results from an improved charge transfer and PRET when the dye molecules surround the nanostructures; however, the exact mechanism of this observation remains unclear and further studies are underway. We note that a more in-depth study comparing various silica layer thicknesses will be interesting to understand the effect of PRET and will be performed in our follow up work. But to demonstrate that the thickness of the silica layer does have an impact on DSSCs electron dynamics, we have also performed TAS on Au/Ag nanostructures coated with 30 nm thick SiO 2 layer and embedded in DSSC photoanodes ( Figures S7 and S8) . A detailed discussion is provided in the Supporting Information.
In summary, we investigated the impact of shape-and composition-controlled Au/Ag/SiO 2 core/shell/shell bimetallic nanostructures on the device performance and electron The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acsphotonics.5b00552.
Detailed experimental procedures and additional transient absorption spectroscopy data are provided (PDF).
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